[1] Lonar crater is a simple, bowl-shaped, near-circular impact crater in the $65 Myr old Deccan Volcanic Province in India. As Lonar crater is a rare terrestrial crater formed entirely in basalt, it provides an excellent opportunity to study the impact deformation in target basalt, which is common on the surfaces of other terrestrial planets and their satellites. The present study aims at documenting the impact deformational structures in the massive basalt well exposed on the upper crater wall, where the basalt shows upward turning of the flow sequence, resulting in a circular deformation pattern. Three fracture systems (radial, concentric, and conical fractures) are exposed on the inner crater wall. On the fracture planes, plumose structures are common. Uplift and tilting of the basalt sequence and formation of the fractures inside the crater are clearly related to the impact event and are different from the preimpact structures such as cooling-related columnar joints and fractures of possible tectonic origin, which are observed outside the crater. Slumping is common throughout the inner wall, and listric faulting displaces the flows in the northeastern inner wall. The impact structures of Lonar crater are broadly similar to those at other simple terrestrial craters in granites and clastic sedimentary rocks and even small-scale experimental craters formed in gabbro targets. As Lonar crater is similar to the strength-controlled laboratory craters, impact parameters could be modeled for this crater, provided maximum depth of fracture formation would be known.
Introduction
[2] Impact cratering is one of the important geological processes that have modified the surfaces of all planets and satellites of our Solar System [Melosh, 1989] . The impact event produces craters of various sizes and shapes; based on geometry, the craters are classified into simple and complex craters. Simple craters are circular, bowl-shaped depressions with raised rims and quasi-parabolic profiles, whereas complex craters exhibit central structural uplifts, rim synclines and outer concentric zones of normal faulting. An impact-cratering event may be indicated by geomorphology (crater shape) but is recognized on the basis of shock metamorphic signatures in the target rocks [e.g., Melosh, 1989; Koeberl, 1997] and characteristics of the impact melt products [e.g., Dressler and Reimold, 2001] and the ejecta deposits [e.g., Melosh, 1989] .
[3] Earth has witnessed impact events throughout its geological history [e.g., Frey, 1980; Glikson, 1993; Montanari et al., 1998 ]. More than 170 impact structures have been recognized so far, and are listed in the ''Earth Impact Database'' of Planetary and Space Science Centre, University of New Brunswick, Canada (http://www.unb.ca/passc/ ImpactDatabase/essay.html). An understanding of terrestrial impact cratering is important, as it addresses how the outer layer of Earth has been modified due to impacts, and also its effect on the physical, chemical and biological systems. The hazard of near-Earth asteroid or comet impacts on Earth is to be assessed very carefully [e.g., Chapman, 2004] . Impact cratering processes are understood by integrating impact geological information, drilling results, geophysical investigations, laboratory experiments and numerical modeling studies. Of these, numerical modeling has been found to be a powerful tool in understanding the various stages of formation of impact craters [e.g., O'Keefe and Ahrens, 1993 Ahrens, , 1999 Melosh and Ivanov, 1999; Wünnemann and Ivanov, 2003; Collins et al., 2004] . Collins et al. [2004] modeled the impact deformation around a 10-km-diameter crater, whose target composition was assumed to be granite. They showed that the stresses, strains, and strain rates are all highest near the impact site and decrease with radial distance. However, as pointed out by these authors, it is very important to validate numerical models based on the observational evidence, especially using the quantitative analysis of damage and deformation in the target surrounding a natural impact crater. Therefore structural geological studies, which include identification of various impact deformational features, their geometries, kinematics, and quantification of strain, are required for modeling the impact cratering processes. JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 110, B12402, doi:10.1029 /2005JB003662, 2005 Copyright 2005 by the American Geophysical Union. 0148-0227/05/2005JB003662$09.00
[4] Although impact structures have been studied extensively on Earth [e.g., Ackermann et al., 1975; Grieve and Robertson, 1976; Brandt and Reimold, 1995; Dressler and Sharpton, 1997; Reimold et al., 1998a; Bjørnerud, 1998; Christeson et al., 2001; Lemieux et al., 2003; Sagy et al., 2004] , there is no detailed study available on the structural effects of meteorite impact on basalt, forming a simple impact crater, like Lonar ( Figure 1 ). As Lonar crater is one of the two known rare natural craters formed entirely in basalt, the study of its structural geology would throw light on the impact deformation processes that takes place on terrestrial planets and their satellites. Therefore, in the present study, the structural geology of basalts exposed both inside and outside Lonar crater is documented, in order to resolve the precratering, syncratering, and postcratering structures.
Geology
[5] Lonar crater was formed in Deccan basalts (Figure 1) Subbarao [1999] , and the geological setting of Lonar crater was discussed by Fudali et al. [1980] . Lonar crater is a simple, bowl-shaped crater with a rim-to-rim diameter of $1.8 km, and a rim-to-floor depth of $150 m (apparent depth). A continuous blanket of ejecta extends outward to a distance of $1350 m from the rim crest, and contains basalt fragments of various sizes and shapes, clays, and glassy impact melt fragments and spherules at a number of places. The slope of the ejecta blanket is 2°-6°a way from the crater. Maximum elevation of the crater rim is $590-600 m above mean sea level, and the elevation of the central crater floor is $470 m. A shallow alkaline lake occupies the crater floor. Drilling carried out in the crater floor revealed a $100 m thick lensoidal deposit of crater sediments underlain by intensely fractured basaltic rocks [Fredriksson et al., 1973] . The depth of the true crater floor may be >400 m below the rim crest, as calculated from the drilling results. Basalt breccia recovered in the drill cores shows evidence for postimpact hydrothermal alteration [e.g., Hagerty and Newsom, 2003] .
[6] Five individual flows of massive, vesicular and amygdaloidal basalts are exposed on the inner wall. The basalts are quartz-normative tholeiites of high total iron and CaO, and lower Al 2 O 3 and MgO, similar to the compositions of basaltic Martian meteorites [Hagerty and Newsom, 2003] . Although Lonar crater was initially thought to be volcanic in origin, La Fond and Dietz [1964] 1973; Fudali et al., 1980; Rao and Bhalla, 1984; Ghosh and Bhaduri, 2003] .
Preimpact Structures
[7] Structural geological mapping of an impact crater and the surrounding regions allows comparison of the nature of the target rocks before and after an impact event. Rock exposures outside Lonar crater are very limited. Most of them are covered by soils and weathering products. Only two or three lava flows could be observed. A massive basalt flow overlies the other flows, which are composed of strongly altered vesicular and amygdaloidal basalts. In general, the flows are oriented horizontally, and only at a few places do they show a slight upwarping or downwarping. The most important feature of the massive flow is the presence of coolingrelated [Budkewitsch and Robin, 1994; Grossenbacher and McDuffie, 1995] columnar joints or colonnade ( Figure 2d ). The columns show polygonal outlines on the surface and most have hexagonal geometry. Column diameter varies from a few cm to >1 m. Strike and dip of the joints have been measured in a quarry on the eastern slope of a small hillock located about 2 km ESE of the crater. The data are presented in Figures 2a, 2b , and 2c, which show that the columnar joints dip steeply and have multiple orientations, resulting in circular pole density contours ( Figure 2b ). The deeply altered underlying flows are rich in laterites and clays, in which columnar joints are absent.
[8] Massive basalt without columnar joints is also present but is comparatively rarer. It shows fractures, which are related to tectonic deformation (Figures 2e,  2f, and 2g) . Most of them are subvertical and are oriented in NW-SE to NNW-SSE directions, and a few other fractures strike in NE-SW direction. Some fractures occur as conjugate pairs. Although the exact origin of these fractures is unknown as of now, they are broadly similar to the major fracture systems found in other parts of the Deccan Volcanic Province [e.g., Widdowson and Mitchell, 1999] .
[9] Thickness and nature of the basaltic sequence in Lonar is unknown. Drilling studies at the 1993 Latur earthquake site, which is located $150 km south of Lonar, suggested that the thickness of the basalt sequence is $350 m, and is underlain by Archaean granites and gneisses [Gupta et al., 1999] , which are the common rock types in the southern Indian Shield. In Lonar, the basalt sequence may be thicker, as several studies have indicated a northward increase of its thickness [e.g., Mitchell and Widdowson, 1991] . More geophysical investigations and drilling studies are required at Lonar and in the surrounding areas to delineate the entire basaltic sequence and the underlying basement granites and gneisses. Determining the mechanical properties of these rocks is also essential to assess the preimpact and synimpact target conditions, which are important for understanding how these rocks behaved during the impact, and the nature of shock wave propagation through this medium. The presence of columnar joints and tectonic fractures in massive basalts and deep weathering in the other flows would indicate a significant reduction of their strength. Therefore the mechanical behavior of these rocks should be different from the fracture-and alteration-free massive basalts.
Impact Structures
[10] Inside Lonar crater, an approximately 30-m-thick massive basalt flow is well exposed a few meters below the crater rim. This is the only flow exposed more or less continuously, whereas the underlying flows are largely covered by basalt debris (talus), soil and vegetation. Hence structural mapping was restricted to this massive flow. It involved documentation of the attitude of lava flow, various fracture systems, faults and slump units. The inner crater wall was divided into twelve angular zones with 30°intervals. The respective attitudes of this lava flow in these 12 zones are presented in Figure 3 . The upper flow strikes parallel to the rim crest and dips gently outward at low angles. Well-defined tightly spaced subplanar fractures are developed parallel to the lava flow throughout the crater wall. These fractures are absent in the massive basalt outside the crater. It appears likely that these fractures were formed as a result of the impact. Dip of the flow-parallel fractures varies between 5°and 35°, and in the slump units (Figure 1b) , it reaches 50°-70°( see zone 2 in Figure 3 ). Mean dip of these fractures in the 12 zones varies from 11°(in zone 10) to 31°(in zone 2). Figure 3 clearly indicates the amount of outward dip of the lava flow in the crater wall is more or less similar, averaging at $20°. When all the data are plotted into the Schmidt net (equal-area projection), they show concentric pole density contours, supporting the strong circular deformation pattern in the lava flow around the crater (Figure 3) . The data document the amount of rim uplift from the impact event, which would be useful for modeling the impact cratering event.
[11] Figures 4, 5, and 6 show the geometries of the various fracture systems, which are radial, concentric, and conical fractures exposed on the upper crater wall, respectively. The radial fractures have more or less steep dips and strikes that are approximately perpendicular to the crater rim, although some of them are oriented obliquely (Figure 4) . The radial fractures occur as single, conjugate pairs, and branching types. Most of them are straight to curvilinear. The concentric fractures strike more or less parallel to the crater rim and dip toward the crater floor ( Figure 5 ). Amount of dip of these fractures is also highly variable. The conical fractures are similar to the concentric fractures in their strikes but dip away from the crater center, and have highly variable amount of dip ( Figure 6 ). All these fracture planes preserve plumose structures.
[12] Faulting and slumping are common on the inner slope. On the northeastern slope, normal faulting has been observed (Figure 1b) . In the footwall the dip of the flow is $20°, whereas in the hanging wall it is steeper (50°-70°) (see zone 2 in Figure 3 ). These structures appear to have formed during the crater modification stage. It is possible that the faulting and slumping are structurally controlled by the concentric fractures. Although this study clearly shows the structural effect of the meteorite impact (Figure 7 ; also see the auxiliary material), the extent of impact deformation cannot be assessed with the present data. 1 The drilling results indicated the presence of weak to strongly deformed basaltic breccia and fine sediments beneath the present-day crater floor [Fredriksson et al., 1973] , but the nature of fracture patterns, and the attitude of lava flows beneath the true crater floor are still unknown. Hence high-resolution seismic imaging and deep drilling studies are required to delineate the extent of impact deformation beneath Lonar crater.
Comparison: Natural Simple Craters
[13] Comparison of the simple impact craters is essential to recognize whether any deformation features are common to all of them. Brandt and Reimold [1995] have summarized some of the common deformational features among a few simple craters, whose targets were composed of granites and clastic sedimentary rocks. It is interesting to note that the upward turning of basalt flows in the upper crater wall of Lonar crater (Figures 3 and 8b) is similar to the impact deformation of target strata at other simple craters, for example, Meteor crater in Arizona [Shoemaker, 1960] , Odessa crater [Shoemaker and Eggleton, 1961] , Tswaing crater [Brandt and Reimold, 1995] , Kalkkop crater [Reimold et al., 1998b] , and Aouelloul crater [Koeberl et al., 1998 ]. Lonar crater consistently shows upward turning of the flow sequence throughout the middle to upper crater wall (Figures 3 and 8b) , but in other craters, inward dipping of rock formations has been observed in the lower parts of the inner crater wall [e.g., Brandt and Reimold, 1995; Reimold et al., 1998b] . It is not clear whether Lonar crater, too, would have such inward dips of basalt flows in the lower part of the crater wall. Other structures that Lonar and other craters have in common are the radial, concentric and conical fracture systems (Figures 4, 5, 6 , 8b, and 8c), as well as the inward dipping normal faults that give rise to slumping (Figure 1b) . At Lonar crater, no folds have been observed, which are common in the midsection of walls of other craters [e.g., Brandt and Reimold, 1995] , and inward and outward (with reference to the crater wall) propagating thrusts are also lacking. Although a common cratering mechanism controls the formation of all the above craters, the nature of the target rocks (e.g., composition, competence, heterogeneity in the distribution of preimpact structures and mechanical properties) clearly play a major role in the observed difference in the deformation features between them.
Comparison: Experimental Craters
[14] On Earth, formation of bowl-shaped, simple craters (up to 3 -5 km diameter) appears to be strength controlled. Simple craters form when the transient crater is more or less stable in the gravity field. Strength of the target material can resist the gravitational forces acting against the crater rim, and therefore the shape of the transient crater is generally retained. The strongly damaged rocks in the crater wall slide down the crater rim, forming a lensoidal breccia deposit in the crater floor, together with fall-back ejecta. Beneath simple craters, the maximum depth of fracturing is approximately proportional to the crater diameter [Ahrens et al., 2002] . Shockinduced fracturing beneath experimentally produced small-scale craters appears to be controlled by the same physical processes as the fracturing beneath strengthcontrolled, simple natural craters [Ahrens et al., 2002] . Hence the structures in Lonar crater can be compared with the results of laboratory impact experiments by Polanskey and Ahrens [1990] , who used San Marcos gabbro as target (Figure 8a) . Figure 8a shows a vertical section through the gabbro target revealing the sets of radial and concentric fractures below a zone of nearsurface fractures or conical fractures, according to Ahrens et al. [2002] . The location of these fractures coincides with the theoretical near-surface zone predicted by a spallation model [Polanskey and Ahrens, 1990] (Figure 8a ). Above this zone, in most of the experiments, the target is visibly unfractured. A thin band of fractures, called spall fractures, starting at the top of the crater wall and arcing down into the target, is also observed. As a plan view of this experimental crater is not available, comparison of fractures beneath the experimental crater with those in Lonar crater is difficult. This is mainly because, the radial fractures seen on the plan view of the Lonar crater (Figure 4 ) do not correspond with the radial fractures seen on the vertical section of the experimental crater (Figure 8a) . However, the concentric and conical fractures observable on the vertical section of Lonar crater (Figure 8b ) are broadly similar to the concentric fractures and conical or radial fractures observed on the vertical section of the experimental crater (Figure 8a ). However, much more detail is still required regarding the fracture networks in plan view of the experimental crater as well as in the middle to lower inner crater wall of Lonar crater.
[15] Ahrens et al. [2002] found that the maximum depth of fracturing beneath small-scale natural and experimental craters is related to impactor energy and velocity. This was inferred from a small-scale experimental crater by Polanskey and Ahrens [1990] and from the observations at Meteor Crater in Arizona [Xia and Ahrens, 2001] , where the maximum depth of fracturing is $1 km [Ackermann et al., 1975] . Hence determination of the maximum extent of impact-induced fracturing constrains the impactor velocity. Similar estimates could be made for Lonar crater when the underlying fracture systems are mapped using high-resolution seismic studies [e.g., Ackermann et al., 1975] .
Summary
[16] The present study documents the various impactrelated deformational features in basalt, the target of meteorite impact in Lonar. Rim uplift and tilting, the development of radial, concentric and conical fractures, and faulting of the crater wall and slumping, are the main impact deformational features, which are different from the preimpact structures such as cooling-related columnar joints and tectonically derived fractures in basalts outside the crater. The impact deformation structures of Lonar are essentially similar to those at other terrestrial craters emplaced in granites and clastic sedimentary rocks. As Lonar crater is also broadly similar to the strengthcontrolled laboratory craters, the impact parameters can be modeled for this crater once the maximum depth of impact fracturing will have been determined. As Lonar crater is a rare meteorite impact structure formed entirely in basalt, it is helpful for the understanding of similar craters on other terrestrial planets and satellites. In addition, the structural geological data presented in this study will be useful in modeling the impact cratering event.
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